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A B S T R A C T
In order to describe the interfacial fracture behaviors of the metal thin film with nano- or mi-
croscale thickness peeled on the ceramic substrate, a trans-scale mechanics model has been
adopted. In the trans-scale mechanics model, both the strain gradient effect and surface/interface
effect are considered. In addition, two fracture process models are used in present study, which
are the cohesive zone model and the virtual internal bond model. Using the trans-scale mechanics
theory and the interface models, the size effect of the interfacial separation strength between the
metal thin films and the ceramic substrates is analyzed systematically by using the peel test. The
results show that the fracture process zone size could be taken as the indicator of the trans-scale
interface fracture characterization. The interface effect should be considered when the fracture
process zone size is at the nanoscale, and the obtained interfacial separation strength is much
higher than the conventional separation strength. The material length scale parameters of the
metal films are determined by comparing the interfacial energy release rate predicted by the
scale theories with the experimental results, which shows that the material length scale para-
meter could be regarded as the size of active plastic zone in the small scale yielding case during
the peeling process.
1. Introduction
In last several decades, the thin film/substrate structures and materials have undergone a wide applications in micro/nano-
engineering, such as microelectronic device designing [1,2], thermal barrier coating protection [3,4], and modern material manu-
facturing [5,6], etc. The interface adhesive debonding, stripping and delamination etc. are the main failure behaviors of these
structures, and the interface fracture properties are dominated by the interfacial strength and the interfacial fracture toughness.
Researches on the interface fracture behaviors between thin films and substrates have been attracting a great deal of attention
[7–16]. It has been found that some peculiar failure phenomena exhibited by crack propagation along the interface cannot be
explained well by the conventional elastoplastic theory. For example, the interfacial separation strength very near to the crack tip of
the metal/ceramic interface observed by the experiment can reach several times or even ten times the yield strength of the material at
macroscopic scale, but the corresponding value predicted by the conventional elastoplastic theory can only reach three or four times
at most [13–15]. As the film thickness decreases, the size of the singular stress dominant zone is also reduced accordingly [16]. For
the case of micro/nano-scale film thickness, stress singular regions are generally only tens to hundreds of nanometers in size. In this
case, it is also debatable whether the concept of classical fracture mechanics can be applied.
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Peel test is one of the most important methods to measure the interface fracture properties, mainly for analyzing the interfacial
separation strength and the interfacial energy release rate between thin films and substrates. There have been a lot of work on the
peel test in experiments, modeling and simulations [17–25]. For an elastic thin film on a rigid substrate, Kendall [17] developed a
peeling model for the steady-state peeling case, and was later extended to the whole peeling stage and to the viscoelastic film case
[18–20]. To analyze the peeling behavior of elastic-plastic thin films, Kim and his coworkers [21] presented a plastic bending model
to predict the plastic dissipation of ductile thin films, following that with most analyses on ductile thin film peeling adopted or
referred to this bending model. In order to model the peeling behavior of films more comprehensively, Wei et al. [22–24] used the
elastoplastic large deformation beam bending model combined with the rigorous plane-strain finite element analysis to characterize
the ductile film peeling, and the interface between the film and the substrate was described by using the cohesive zone model. The
results they obtained are quite different from the Kim model. Later, some other factors, such as interfacial wavy morphologies, were
also considered through the cohesive zone model [25]. It shows that the cohesive stress has a great influence on the fracture process
and the plastic deformation of the material near the crack tip. Therefore, the cohesive stress should be considered in the prediction of
interfacial fracture toughness. But even so, the above combined calculation method will become invalid for the interface with very
high separation strength (about more than 4–6 times yield strength). The reason is that the traditional elastoplastic J2 flow theory
underestimates the stress at the crack tip, causing the crack propagation delay or not to occur at all [22]. In this case, strain gradient
plasticity theory is needed to describe the constitutive relationship of the thin film, especially for microscale or even nanoscale
peeling process [26].
Adopting the framework of conventional plasticity theory, the strain gradient plastic theory [27–29] considers the strain gradient
effect, which can better describe the size effect in the peeling process. The strain gradient terms appearing in the constitutive
equations of the strain gradient theory match with the conventional strain terms by introducing a kind of length parameters which are
called material length scales. Analyses for thin wire torsion and micro bending etc. showed that the significant influence of the strain
gradient effect was under microscale of specimen size and the length parameters included in the theory were on the order of
micrometers (0.1–10 μm) [30,31]. Wei and Hutchinson [27] applied the strain gradient plasticity to analyze the mode I steady-state
crack growth. The results showed that the separation stress ahead of the crack tip can attain significantly higher levels than predicted
by conventional plasticity, about ten times more than the yield stress. Then, by adopting the theory, the nonlinear degumming
problem of metal films along ceramic substrates was analyzed, and the material length scale parameters were also be estimated [32].
The above models and theories more reasonably describe the interface fracture behaviors in the peel test at micro-scales to a
certain extent, but they all ignore the influence of the surface/interface effects. However, when the fracture process zones are at
nanometer scale, the surface/interface effects are important and cannot be neglected compared to the strain gradient effect. Later,
Wei et al. [33,34] proposed a trans-scale mechanics (TSM) theory, in which both strain gradient effect and surface/interface effect are
considered, so that it can be used to characterize the trans-scale mechanical behaviors for the micro-/nanostructured materials.
Within the framework of continuum mechanics, Yao et al. [35,36] developed an elasticity theory for nanomaterials using the concept
of the surface/interface energy density. In the present paper, we intend to systematically analyze the trans-scale behaviors of the
interface fracture in peel test for the metal thin film/ceramic substrate systems, by combining the trans-scale mechanics theory and
two common models of simulating interface fracture, namely the cohesive zone model and the virtual internal bond model. The
influence zone of interfacial effect will be implemented. In addition, the values of the material length scale parameters of the metal
materials will also be determined by comparing the experimental results of the peel test of thin metal film along ceramic substrate
with the prediction results based on the trans-scale mechanics theory.
2. Trans-scale mechanics (TSM) theory
Considering both strain gradient effect and surface/interface effect, the variation equation of the total potential for any de-
formation solid system can be expressed as follows [33,34]
∫ ∫ ∫ ∫+ ⋮ + ′ − − + + ∇ =′σ ε τ η f u t u S ε r unδ δ dV δ γdS δ dV δ δ δ dS¯ ¯ ¯ ¯( : ) · [ · : ·( · )] 0V S V S
s s
(1)
where σ ε u t r f¯ ¯ ¯( , , , , , ) are the tensor or vector of stress, strain, displacement, traction, torque and volume force; τ and η are the
tensors of higher-order stress and strain gradient. For the interface problem, γ denotes the interface energy density; ′S is interface area
of the current configuration after deformation; ∫ ′′δ γdSS is the variation of interface energy calculated along the transient interface
area; S̄ s and ε s denotes the interface stress and strain along the interface direction.
2.1. Fundamental relations of Trans-scale theory only considering interface effect
When the interface effect is considered only, from Eq. (1), the TSM theory can be described as follows
∫ ∫ ∫ ∫+ ′ − − + =′σ ε f u t u S εδ dV δ γdS δ dV δ δ dS¯ ¯ ¯: · [ · : ] 0V S V S
s s
(2)
In order to describe the interface effect clearly, we need to define the interface strain for the peel test problem first. As shown in
Fig. 1, the cohesive zone model is used to describe the fracture process zone, the basis vectors along the interface inside normal
direction and the interface direction are em and el, respectively. The displacement can be expressed as = +u e eu l m u l m( , ) ( , )s l m m,
and the tensor of the strain is = ∇ + ∇ε u u[ ( ) ]12
T , where ∇ = +∂∂
∂
∂e el l m m . We can therefore get the interface strain,
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= ′ −ε e eu u
R
( )s s l
m
l l, (3)
where R is the curvature radius after interface fracture.
For describing the finite deformation of thin film, the Jacobian determinant of deformation along the interface direction is
introduced and expressed as Js, we have = + ε IJ 1 :s s s, where =I e es l l is the unit tensor along the interface direction. The Taylor
expansion of the interface energy density at the interface strain =ε 0s is
= + +f ε ε E εγ γ : 1
2
: :s s s s s0 0 (4)
where γ0 is a constant, which is the interface energy density value independent of the interface strain; f
s
0 and E
s are the surface
stresses corresponding to the primary and secondary terms of the interface strain, respectively. f s is the derivative of interface energy











Therefore, the interface energy of different configurations before and after interface fracture have the following relationship,







ε f I εδ γdS δ γJ dS J
γ











s s s s
(6)
Considering the interface constitutive relationship, we have
∫ ∫′ =′ S εδ γdS δ dSS S s s (7)
Comparing Eq. (6) and Eq. (7), the interface stress can be expressed as
= +S f IJ γs s s s (8)
Substituting Eq. (3) into Eq. (5) and (8), we have
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where t̄m is the conventional interfacial cohesive stress, and can be calculated by the cohesive zone model and the virtual internal
bond model, as seen in Appendix A. It can be seen that when the fracture process zone is relatively small (at nanoscale), the curvature
of the crack interface R1/ becomes very large, therefore, the influence of the interface effect needs to be considered. The fracture
Fig. 1. The diagram of interface deformation and fracture.
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process zone at the nanometer scale can be described by the TSM theory. If the interface constitutive relationship is not considered,
Eq. (11) can be simplified as
≈ +t t γ R¯ /m m (12)
Substituting Eq. (A.7) in Appendix A into the above equation, we can get the interfacial separation stress considering the interface
effect as follows
̂ ̂








+t t γ R σ γ R σ e δ δ σ e
γ
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¯ / / ·
Γ






















where =u δ(1/2)·m is the displacement along m direction.
2.2. Fundamental relations of trans-scale theory only considering strain gradient effect
When the strain gradient effect is considered only, from Eq. (1), the TSM theory can be described as follows
∫ ∫ ∫+ ⋮ − − + ∇ =σ ε τ η f u t u r unδ δ dV δ dV δ δ dS¯ ¯ ¯( : ) · [ · ·( · )] 0
V V S (15)
It is the strain gradient plasticity theory. The general compressible deformational theory of Fleck-Hutchinson strain gradient
version [28] has been presented by Wei et al. [27,29]. The constitutive relations can be expressed as follows
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where E and ν are the Young's modulus and Poisson's ratio, respectively, =l I( 1, 4)Ie and =l I( 1, 3)I are the material length scale
parameters of strain gradient elasticity and plasticity, respectively.
The strain εij and the strain gradient ηijk are defined by
= + =ε u u η u1
2
( ), .ij i j j i ijk k ij, , , (17)
The elastic parts of them are conjugated with the stress σij and the higher-order stress τijk through the elastic strain energy density,






















where hp is the plastic modulus, =T I( 1, 4)ijklmn
I( ) is the projection tensor of the strain gradients, and the detailed expressions have been
presented by Ref. [27]. For more general solid, there is an approximate relation among the material length scale parameters [28]




.1 2 3 (19)
In the present work, for simplified analysis, the material length scale parameters are taken as the same value l.
The finite element method for Wei-Hutchinson strain gradient theories was presented by Ref. [29], and has been successfully used
to analyze the fundamental fracture problems. Through this numerical method, the interfacial energy release rate of metal thin film
delamination along ceramic substrate was obtained, which will be used to analyze the results of the peel test in our present work (as
seen in Section 4).
3. Interfacial separation strength of peel test considering interface effect
Considering a systematical peel test, Al and Cu films with a series of thicknesses between 20 and 250 μm bonded to a ceramic
substrate (Al2O3) and three peel angles of 90°, 135° and 180°, peel experiments had been carried out [24].
In order to quantify the separation displacement, we fitted the interfacial separation shapes for the Al film/Al2O3 substrate
system. Fig. 2 shows four typical cases. There is a fracture process zone at the crack tip of the interface fracture between the metal
film and the ceramic substrate. It can be seen from the experimental figures that the film after peel test has a smooth curve shape in
the fracture process zone. We selected the x-axis origin at the maximum separation displacement, as seen in Fig. 2(a). By fitting the
interface shape of the metal films after peel test, we found that the relationship between the separation displacement δ and the ratio
of the x-axis to the size of the fracture process zone x L/ is of exponential form (the fitting parameters are shown in Fig. 2). Therefore,
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we assume the form of the interfacial separation displacement as follows
= −δ x δ kx L( ) ·exp( / )f (20)
where δf is the maximum separation displacement, L is the length of the fracture process zone, k is a constant called deformation
concentration coefficient, which represents the influence of interfacial separation shape of the peel test to the interfacial separation
strength.
Substituting Eq. (20) into Eq. (13), the normalized interfacial separation stress considering the interface effect can be expressed as























Y Y Y (21)
where σY is the traditional yield strength. ̂σ( , Γ) are the interfacial parameters in the cohesive zone model. For general metals, we
choose = =σ γ10 MPa, 1 J/mY 2 2. It can be seen that when the size of the fracture process zone at the macro-/micro scale, the range of
the parameter γ σ L/( · )Y is on the order of 10−3 ~ 10−2, while if the size of the fracture process zone at the nano-/atomic scale, the
range of γ σ L/( · )Y is on the order of 10 ~10- 1 . Therefore, here we take the parameter γ σ L/( · )Y as the indicator to measure the scale of
the fracture process zone.
Fig. 3 shows the interfacial separation stress when the size of the fracture process zone at micrometer scale. Taking the traditional
interfacial strength ̂σ from 1 to 10 times the yield stress σY , the microscale interfacial strengths are all equal to the traditional
interfacial strengths. There is no obvious enhancement, which indicates that the influence of the interface effect can be negligible
when the fracture process zone is at the micrometer scale.
The trans-scale interfacial separation strength is shown in Fig. 4(a). When the parameter γ σ L/( · )Y takes the values in the range of
10−3 ~ 10−2, the size of the fracture process zone is at the macro-/micro scale, the peak of the normalized parameter t σ/m Y , i.e. the
interfacial separation strength, satisfies ̂=t σ σ σ/ /m Y Y , which is the traditional interfacial strength. That is to say, when the scale of the
fracture process zone is relatively large, the influence of the interface effect on the interfacial separation strength is negligible.
However, when the size of the fracture process zone at the nano-/atomic scale ( γ σ L/( · )Y takes the values on the order of 10−1 ~ 10),
the interfacial separation strength is significantly enhanced, even can achieve more than 10–18 times σY . In this case, the interface
Fig. 2. Fitting curves of interfacial separation shapes of the peel test for the Al film/Al2O3 substrate system. The upper right corner shows the fitting
function of the separation displacement, and the lower right corner shows the peel angle and film thickness h(Φ, ). The experimental SEM images
are taken from Ref. [24].
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effect plays an important role and cannot be neglected. This effect is especially significant when the parameter γ σ L/( · )Y is greater
than 1. Take the case of ̂ =σ σ/ 4Y for example, the relationship between interfacial separation stress and the position of the peeling
thin film is shown in Fig. 4(b). As the value of parameter γ σ L/( · )Y increases, the position where the interfacial separation stress is
maximum becomes closer to the maximum separation displacement.
Fig. 5 shows the interfacial separation strength corresponding to different scales of fracture process zones and different values of
k. The constant k is called deformation concentration coefficient, which represents the influence of interfacial separation shape of the
peel test to the interfacial separation strength. It can be seen that the interfacial separation strength increases with the increase of the
values of k, and the magnitude of its increase is enhanced as the parameter γ σ L/( · )Y increases. That is to say, the influence of the
interfacial separation shape to interfacial separation strength is enhanced when the size of the fracture process zone from macro-
scopic scale to nano-/micrometer scale. When the value of k is relatively large, the size effect of the interfacial separation strength
Fig. 3. µm-scale interfacial separation strength.
Fig. 4. Trans-scale interfacial separation strength.
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becomes more significant.
It is worth noting that from strict derivation based on the energy balance (Eqs. (3), (4) and (11)) and from above application to the
peel test of thin film delamination, we have found that the curvature change of interfacial discontinuity lines has a considerable
influence on the interface separation strength. This phenomenon is mainly caused by the interaction of interfacial residue energy with
the interface bending deformation. This phenomenon is very similar to the stiffened phenomenon happened for a fixed-fixed na-
nowire under bending [35].
4. Interfacial energy release rate of peel test considering strain gradient effect
In this section, the interfacial energy release rate of peel test will be analyzed based on the strain gradient theory and the
experimental results. Meanwhile, the material length scale parameters in the strain gradient theory are determined by comparing the
measurement results of the peel test with the prediction results of the strain gradient theory.
In terms of theoretical prediction, the strain gradient theory used here is the Wei-Hutchinson strain gradient plasticity theory
[27,29]. For the problem of the peel test for the metal film along the ceramic substrate, the film can be treated as a strain gradient
plasticity material, and the ceramic substrate is an elastic material. In addition, the interface cohesive model is considered. The
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where E , ν, N are the Young's modulus, Poisson's ratio and the power hardening index of the metal thin film, respectively. l is the
material length scale parameter in the strain gradient theory, R0 is the size of active plastic zone in the small scale yielding case,
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Its value is about 1–5 µm for the metal thin film/ceramic substrate system.
The relations between normalized energy release rate G/Γ with the peak separation stress ̂σ σ/ Y for different values of l R/ 0 were
obtained by the strain gradient theory simulation [32], in which the parameters were taken as = = =E σ ν N/ 300, 0.3, 0.1Y , as
shown in Fig. 6.
A lot of experimental evidence for the metal thin film/ceramic substrate bonded system indicates that the yielding stress of the
peeling thin film is inversely proportional to the thin film thickness [37,38]. The variation in yielding stress σY of aluminum and
copper thin films with the film thickness h are shown in Fig. 7. In the figure the simulations of the experimental data are also shown
by straight lines, which are approximately related with the thin film thickness
= +σ σ h h[1 / ]Y Y0 0 (24)
where the simulation parameters σ h( , )Y0 0 are given in Fig. 7.


















Combining with the strain gradient theoretical results in Fig. 6 and Eq. (25), we can get the theoretical prediction relationship
between the normalized interfacial energy release rate G/Γ and the film thickness h, as the solid lines shown in Fig. 9.
Fig. 5. Influence of deformation concentration coefficient to interfacial separation strength.
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In terms of experimental measurements, from the peel test results [24], the relationships between the peel force P and the film
thickness h have been given, as shown in Fig. 8. The interfacial energy release rate in the peel test can be expressed as follows
= −G P (1 cos Φ) (26)
where P is the steady-state peel force, Φ is peeling angle. Combining with the relationship between P and h, we can get the nor-
malized interfacial energy release rate G/Γ in different thin film thickness h, as the scatter points shown in Fig. 9.
By comparing the prediction results of the strain gradient theory with the experiment results of the relationship between G/Γ and
Fig. 6. Parameter relations between interfacial energy release rate with peak separation stress [32].
Fig. 7. Variations of yielding stress vs. thin film thickness. Scatter points represent experimental results [37,38] and the solid lines represent
simulation results.
Fig. 8. Experimental results in Ref. [24]: variations of peel force vs. thin film thickness for three peel angles.
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h, the material length scale parameters of Al and Cu are obtained, as shown in Fig. 9. For the peel tests of the two metals at different
peeling angels, the theoretical predictions are in good agreement with the experimental measurements when =l R0. That is to say,
the material length scale parameters could be regarded as the size of active plastic zone in the small scale yielding case. According to
Eqs. (23) and (24), we can get the values of the material length scale of Al and Cu metals are 4.7 μm and 4.27 μm, respectively, which
is consistent with the results obtained by others through experiments [30,31].
5. Trans-scale interface fracture characterization for peel test
In our previous work, it was found that the effectiveness of the analytical models used for the peel test were different for the
interfaces with different interfacial separation strength. The stronger interface corresponds to the nano-/micro-scale fracture process
zone size Lp, and the weaker interface corresponds to the longer fracture process zone, such as the millimeter scale. One can use the
bending model to describe a macroscopic peeling process, and use the conventional 2D elastoplastic theory to describe a small scale
peeling process, additionally, use the strain gradient plasticity model to describe a microscale peeling process [24]. From the present
researches, we find that a nanoscale peeling process should be described based on the TSM theory models. Summarizing the ef-
fectiveness of above several analytical models can be sketched in Fig. 10. It can be seen that there are size effects on the interfacial
separation strength of the metal film peel test, and the trans-scale behaviors can be described by different theories which correspond
to different fracture process zone sizes. That is to say, the fracture process zone can be considered as an important factor to char-
acterize the trans-scale interface fracture behaviors.
6. Conclusion
In the present research, the trans-scale interface fracture behaviors of peel test for the metal film/ceramic substrate systems are
investigated and characterized. Both cases considering interface effect and strain gradient effect are studied, respectively. Interface
effect dominated zone is implemented. In addition, the material length scale parameters are determined through combining the peel
experimental results with numerical simulation based on the trans-scale mechanics theory, the cohesive zone model as well as the
virtual internal bond model.
The present results show that when the fracture process zone size is at the nanometer scale or even smaller scale, the interfacial
Fig. 9. Relations between interfacial energy release rate with thin film thickness. Comparison of experimental results (scatter points) with theo-
retical prediction results (solid lines).
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separation strength can reach more than ten times the yield stress, which is much higher than the conventional interfacial cohesive
strength. Then, the interfacial energy release rate is characterized by the strain gradient theory. Through comparing the theoretical
prediction results of peel test with the experimental results, the material length scales of aluminum and copper are obtained. For the
peel test of the metal film/ceramic substrate systems, the material length scale parameters could be connected with the size of the
active plastic zone in the small scale yielding case.
Different analytical models used for the peel test correspond to different interfacial separation strength and fracture process zone
sizes. The fracture process zone can be considered as an important factor to characterize the trans-scale interface fracture behaviors in
peel test.
Declaration of Competing Interest
The authors declared that they have no conflicts of interest to this work.
We declare that we do not have any commercial or associative interest that represents a conflict of interest in connection with the
work submitted.
Acknowledgements
This work is supported by the National Natural Science Foundation of China (No. 11972347, 11502273, 11432014, 11672301,
11890681 and 11521202) and the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No.
XDB22040501).
Appendix A. The cohesive zone model and the virtual internal bond model
The cohesive zone model (CZM) [26,33] assumes that there is a fracture process zone near the crack tip, which is characterized by
a traction-separation law between the separation displacement δ and the cohesive stress σ . Generally, the peak value of the traction
and the area under the traction-separation curves are two key parameters, which are denoted as the interfacial strength ̂σ and the
interfacial toughness Γ, respectively. The cohesive zone model presents a fracture criterion. It is generally considered that the in-
terface crack propagates when the stress state at crack tip satisfies that the maximum interfacial cohesive stress reaches to ̂σ and the
interfacial cohesive energy arrives to Γ.
The virtual internal bond model (VIB) [39,40] considers a solid with many randomly distributed material particles connected by
internal cohesive bonds, in which a cohesive-type law is incorporated directly into the constitutive model. This is achieved by
incorporating a randomized network of cohesive bonds into the constitutive law of the material via the Cauchy-Born rule. The VIB
model allows one to embed the fracture criterion into the constitutive model so that the physical process of crack initiation and
growth becomes a coherent part of the simulation. There is no longer a need for a separate fracture criterion of crack extension. This
is also the difference between VIB and CZM when describing the interface fracture behaviors.
The two parameter phenomenological cohesive force law adopted in the VIB model can be expressed as
Fig. 10. Interface fracture characteristics of peel tests correspond to different fracture process zone sizes. One dimensional theory (bending theory)
is suitable for describing a weak bonded interface case; Conventional two-dimensional theory is suitable for describing a medium strength interface;
Trans-scale mechanics theory can be used to describe a strong bonded interface case.
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whereU l( ) denotes the potential energy function which describes the cohesive bonds; lb0, lb indicate the length of the bond before and
after the deformation; the constants A and B represent the initial modulus and the corresponding change of the bond length at the









when =δ B, the interfacial cohesive stress is maximum, and can be written as
= −σ AB·emax 1 (A.3)



































Substituting them into Eq. (A.2), the interfacial cohesive stress based on the conventional interface models can be expressed as
̂ ̂
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